Smart and flexible bioelectronics on graphene have emerged as a new frontier in the field of biosensors. [1] Graphene has begun to be seen as an ideal signal transducer and a promising alternative for the production of low-cost bioelectronic devices. [2] However, biological systems used in these devices suffer from a lack of control and regulation. There is an obvious need to develop "switchable" and "smart" interfaces for both fundamental and applied studies. [3] Here, we report for the first time the fabrication of an on/off-switchable zipper-like graphene interface, which is used to manipulate biomolecular interactions. Using electrochemical measurements, we demonstrate that interfacial bio-electrochemical properties can be tuned by modest changes in temperature. Such an ability to independently regulate the behaviour of the interface has important implications for the design of novel bioreactors, biofuel cells and biosensors with inbuilt self-control features.
Bioelectronics is a rapidly growing interdisciplinary research area which encompasses bio-devices such as biosensors, biofuel cells, and bioreactors. [4] Recently, pH, light, magnetic fields and potential-triggered on/off-switchable or tunable electron-carrier functional interfaces, have been widely reported as a means to modulate electrobiocatalysis on an adjustable platform. [5] In order to control the operation of such bioelectronic devices using these external stimuli, signal-responsive smart functional interfaces are required. [6] Incorporation of stimuli-responsive materials as an interface element provides a way to switch from the 'on state' to an 'off state' or to tune the rate of catalytic reactions on the electrode surface. In the field of switchable bioelectronics, most of the stimuli have been restricted to light, magnetic field, and pH. [7] However, temperature-controlled bioelectronics could provide a promising direct approach to investigate the effect of external temperature on electrocatalytic and bioelectrocatalytic processes on functionalised nanostructured electrodes. [8] Although a number of related studies have been reported for temperature controlled bioelectronics and biocatalytic applications, most of them have focused on biocatalysis using a range of bulk materials such as hydrogels, polymer brushes and polymeric interfaces. [9] Recent advances in graphene research provide an opportunity to enhance the performance and applicability of current approaches to the design of bio-devices. [10] In spite of intense activity in graphene research, there has been no report of a switchable graphene interface to manipulate bioelectrochemical interactions, despite the fact that this provides a fundamental tool if graphene is to be used in conformal modification. Motivated by this, we functionalised graphene to create a switchable interface for electrochemical bioreactions. To our knowledge this is the first such report and could pave the way for a wide variety of important applications. In particular, switchable graphene surfaces have significant potential in the design on/off-switchable bioelectronics as well as controllable bio-catalysis.
The present manuscript aims to address the design and development of a novel auto- and cholesterol oxidase in a template-directed self-assembly system. Hierarchical interactions were achieved post functionalisation of graphene, by designing a stimuli-responsive interface using the negatively charged surfactant, sodium dodecyl benzene sulfonate (SDBS).
Surfactant functionalisation not only stabilised the surface ( Figure S9 ), but also directed the self-assembly of both the enzyme and the Au NPs. Here, incorporation of Au NPs with graphene for biosensing applications has also delivered some important outcomes. The Au
NPs had a catalytic effect on the electrochemical reactions and prevented the thermal aggregation of enzyme on the electrode surface thus enhancing biocatalytic efficiency. [11] The . In order to demonstrate the "ON performance" of the modified electrode, 40 °C was chosen as a representative temperature. The most common optimum temperature for enzymes is typically around 40 °C, although the optimum temperature of cholesterol oxidase is actually 60 °C. [12] The choice of 40 °C has the added advantage of being representative of mammalian physiological temperatures. A temperature of 20 °C was chosen for the "OFF" state as representative of average room temperature. higher RCT value than the bare GC electrode (0.059 kΩ). Thus, the presence of a polymer layer on the surface of the electrode hinders the electron transfer. Moreover, a significant difference between two RCT values of graphene-modified electrodes was observed. The RCT value for the bio-electrode at "ON" state was calculated to be 0. 560 kΩ, but at "OFF" state, the electron transfer resistance increased markedly to 4.25 kΩ, i.e. a ~10 times higher resistance than at the higher temperature. This shows that hydrophilicity/hydrophobicity changes of the electrode interface affect not only diffusion of electroactive species and/or substrate, but also influence charge transfer properties. The structure change of graphene-based bionanocomposite on the electrode surface was investigated by in-situ temperature-controlled scanning electron microscopy (SEM) ( Figure S1 ). The temperature of the surrounding was controlled by using additional electrical heating / water cooling equipment, as described and demonstrated in Figure S1 . The sample was prepared by simply dropping of 20 µL polymer bionanocomposite solution on a gold disk and leaving overnight at 4 °C before SEM examination. As can be seen in Figure 3 and Figure S2 , the surface morphologies were obviously different. At 20 °C (a), the structure has contained any narrow channels and pores, while at 40 °C (b), the surface displayed more compact and rough characteristics.
The further electrochemical and stability/ reliability characteristics of the modified electrodes were investigated by chronoamperometry. solutions were added, successively. [13] No current difference was observed following both additions. Thereafter, more cholesterol solution was added and an amperometric response was The catalytic properties of the modified electrodes were also investigated at low and high temperatures and the results are shown in Figure S7 . The apparent Michaelis-Menten constant (Km app ) was calculated using the Lineweaver-Burk plot according to the following equation: [14] (1) Km app value reflects the strong affinity between the enzyme and its substrate, or in this case, the ease of diffusion. However, the catalytic behaviour of the enzymatic reaction was completely suppressed at 20 °C due to changes in hydrogen bonding between the polymer acceptor and graphene donor interface, which helps to modulate diffusion of the substrate for the catalytic enzyme reaction.
In conclusion, we have demonstrated for the first time an on/off-switchable zipper-like graphene interface with a simple-to-use, inexpensive and high-order system in a model biosensor, which is highly selective, sensitive and stable. The electrochemical measurements showed that the interfacial electrochemical properties can be tuned by varying the surrounding temperature. We believe that the fundamental design behind the present work is both attractive and novel. Ideally, it could make significant contributions to advanced biocatalysis and material sciences, leading to self-switching bio-catalysis by utilising reusable, cost-effective and simply-made nanomaterials. In nature, reactions are compartmentalised, and attempts to construct artificial systems have generally resulted in vastly inferior performance. This biotechnological problem could be solved by the use of zipper-like graphene interfaces to segregate reaction conditions at a molecular level. Conditions could then either be switched in a single compartment, by the use of graphene zipper, or the products of one reaction in a sequence passed to the second reaction in the biological chain by intelligent switching of the nanomaterial.
Experimental Section
Temperature controlled scanning electron microscopy (SEM) was performed using an LEO 
Synthesis of zipper-like graphene:
Graphene nanosheets were produced using the Hummers method [15] (Graphene Supermarket, USA) and graphene based bioconjugate containing cholesterol oxidase and gold nanoparticles was prepared according to our previous report with minor modifications. [16] Then, graphene/ChOx/Au NPs conjugate was incorporated in amineterminated PNIPAM polymer matrix to obtain temperature responsive graphene-polymer hybrid structure. In a typical preparation, 1 mg of graphene-ChOx-Au NPs conjugate was added to 1 mL of 1mg/mL PNIPAM aqueous solution to form homogenous solution with ultrasonication. An appropriate experimental method to identify the properties of surface is the measurement of contact angle of liquids on solid surfaces. The contact angle is used to quantify wettability parameter of surface, which provides a thermodynamic parameter to calculate the solid interfacial tension.
Young's equation which gives the measurable quantities, the contact angle Θc, the liquid-vapour/gas interfacial tension γlg,, to the non-measurable interfacial tension γsg and γsl of the solid-vapour and solid-liquid interfaces, respectively. 
